We report bulk GaInNAs p − i − n photodiodes lattice-matched to GaAs substrates, grown by solid source molecular beam epitaxy with photoresponses out to ϳ1.3 m. The as-grown samples were characterized optically, structurally, and electrically. A low background doping concentration in the range of 10 14 -10 15 cm −3 was obtained in the samples. One of the samples with a 0.5 m thick GaInNAs absorbing layer gave a responsivity of 0.11 A/W for a band edge of 1.28 m at reverse bias of 2 V.
I. INTRODUCTION
The material Ga 1−x In x N y As 1−y has been attracting considerable interest recently because it can be grown lattice matched on GaAs substrates and has a narrower band gap than GaAs. 1 It can therefore extend the photoresponse of GaAs-based optoelectronic devices to beyond 1.3 m, which previously could only be achieved by strained In x Ga 1−x As/ GaAs quantum wells or metamorphic InGaAs layers. 2 Hence, there is interest in using this material for GaAs-based photodetectors [3] [4] [5] [6] [7] [8] and multijunction photovoltaic cells. 9, 10 GaAs-based photodetectors can utilize highreflectivity AlAs/GaAs mirrors 4 and the Ga 1−x In x N y As 1−y material has been predicted to have low avalanche noise, 8 while photovoltaic cells can benefit from long wavelength absorption.
Ga 1−x In x N y As 1−y as grown for photodetectors and photovoltaic cells is distinct from the strained Ga 1−x In x N y As 1−y multiple quantum wells employed in 1.3 and 1.5 m wavelengths laser diodes. For these former applications, high quality growth of thick ͑relative to quantum well dimensions͒ Ga 1−x In x N y As 1−y with good lattice matching to GaAs substrates and low unintentional doping concentration are essential. The thickness is required to ensure efficient absorption of incident light and hence high responsivity ͑for photodetectors͒ or efficiency ͑for photovoltaic cells͒. Any appreciable lattice mismatch to GaAs could therefore result in dislocations occurring which would adversely affect the device performance. The low unintentional doping concentration in the Ga 1−x In x N y As 1−y layer ensures full depletion, even at low reverse voltage, enabling low operating voltage photodetectors and high efficiency photovoltaic cells.
In order to operate at longer wavelengths, the band gap of Ga 1−x In x N y As 1−y has to decrease, which can be achieved by increasing the indium and the nitrogen content. However, the difficulty of incorporating significant amounts of nitrogen into Ga 1−x In x N y As 1−y is usually overcome by using a low growth temperature, [11] [12] [13] which can adversely affect the crystal quality. Therefore, an increasing nitrogen content is often linked to degradation in the optical and electrical properties of Ga 1−x In x N y As 1−y as indicated by reduced photoluminescence intensity 14, 15 and a reduced open-circuit voltage for photovoltaic cells. 10 Postgrowth thermal annealing can sometimes improve the photoluminescence intensity 15 but this has the undesirable effect of increasing the Ga 1−x In x N y As 1−y band gap. To avoid over-reliance on postgrowth annealing to improve material quality, high quality, as-grown, thick Ga 1−x In x N y As 1−y layers with narrow band gap and lattice match to GaAs are required.
There have been several reports of photoluminescence and x-ray data obtained from thick Ga 1−x In x N y As 1−y ͑Refs. 10-14͒ but few reports on bulk Ga 1−x In x N y As 1−y device characteristics. Reports on the electrical characteristics and photoresponse of bulk Ga 1−x In x N y As 1−y diodes operating at wavelengths up to 1.3 m are limited to. [4] [5] [6] [7] The p − i − n diodes reported in Ref. 6 had Ga 1−x In x N y As 1−y i regions up to 2 m thick, but the absorption edge was less than ϳ1.22 m and the reverse dark currents were measured for a limited field range up to 25 kV/cm. Cheah et al. 5 compared the dark current characteristics of Ga 1−x In x N y As 1−y Sb and Ga 1−x In x N y As 1−y p − i − n diodes with an absorption edge at ϳ1.35 m. They concluded that in order to simultaneously achieve a reasonably low reverse dark current and light absorption at ϳ1.3 m, use of a pentanary bulk Ga 1−x In x N y As 1−y Sb i region was necessary. Ptak et al. reported unintentional doping concentration of 2 ϫ 10 13 cm −3 yielding a depletion width of 3 m for Ga 1−x In x N y As 1−y diodes but the nitrogen content was relatively small, giving band gaps ranging from 1.26 to 1.34 eV. 9 Recently, Loke et al. 7 reported an as-grown Ga 1−x In x N y As 1−y p − i − n diode with 0.5 m thick i region but the responsivity is rather low ͑0.016 A/W for a photon energy of 0.92 eV͒ and the reserve dark currents are very high.
In this article, we present our study on the optical, structural and electrical properties of a series of bulk Ga 1−x In x N y As 1−y p − i − n diode wafers lattice matched to GaAs. We carried out measurements of x-ray rocking curves and photoluminescence on as-grown wafers as well as of capacitance-voltage, current-voltage, electroluminescence, and photocurrent on devices fabricated from the wafers.
II. WAFER STRUCTURES AND GROWTH
The series of wafers consist of three nominally latticematched Ga 1−x In x N y As 1−y p − i − n diode wafers grown on ͑001͒ n + GaAs substrates using a VG Semicon V80H molecular beam epitaxy system equipped with conventional solid sources for group-III, Be for p type and Si for n type dopants, an Applied EPI cracker source for As 2 , and an Oxford Applied Research radio frequency plasma source for the nitrogen. Structures of the three wafers studied are described in Table I . The doping concentrations in the GaAs and Ga 1−x In x N y As 1−y claddings were nominally 2 ϫ 10 18 cm −3 . The n + and p + GaAs claddings were grown at 590°C with a growth rate of 0.5 m per hour. For the growth of the Ga 1−x In x N y As 1−y layer ͑including the p + and n + Ga 1−x In x N y As 1−y claddings͒ the temperature was reduced to 450°C to encourage incorporation of nitrogen into the lattice-matched Ga 1−x In x N y As 1−y layer. 13 The growth rate for Ga 1−x In x N y As 1−y was 0.56 m per hour. The nitrogen plasma source was operated with a radio frequency ͑rf͒ power of 184 W. Growth interruption was introduced between the growth of the n + GaAs cladding and the n + Ga 1−x In x N y As 1−y cladding in order to stabilize the rf power of the nitrogen plasma source. The characterization data reported later were obtained from as grown materials without postgrowth annealing. However some in situ annealing may have occurred during the growth of the p + GaAs cladding, which was maintained at 590°C.
Some of the measurements carried out in this work had to be performed on fabricated devices. Circular mesa diodes with diameters of 400, 200, 100 and 50 m were fabricated using standard photolithography and wet chemical etching. Top annular p-type Ohmic contacts ͑Au-Zn-Au͒ were deposited to allow optical access and n-type Ohmic contact ͑In-Ge-Au͒ was deposited onto the back of the substrates. To avoid unintentional postgrowth annealing, the metal contacts were annealed at ϳ360°C, which is well below the growth temperature of Ga 1−x In x N y As 1−y used in this work.
III. X-RAY ROCKING CURVES AND PHOTOLUMINESCENCE
X-ray double crystal rocking curves ͑theta/2 theta scans͒ diffracted off the ͑004͒ plane were measured on the as-grown wafers. The thin AlAs layer, a material usually considered lattice matched to GaAs, in the structures consistently gave a broad peak with peak splitting of~−330 arc sec, which is expected from the AlAs layer thickness and the lattice constant, for all three wafers. The peak splitting values between the Ga 1−x In x N y As 1−y peak and the GaAs substrate peak measured near the center of wafers A, B, and C were found to be ϩ136, ϩ74, and ϩ108 arc sec ͑tensile strain͒, corresponding to lattice mismatch ͑or strain͒ of −5.3ϫ 10 −4 , −2.9ϫ 10 −4 , and −4.2ϫ 10 −4 , respectively. These values, summarized in Table II , are small compared to the Ϫ540 arc sec peak splitting in Ref. 6 and the lattice mismatch of 0.26% in Ref. 5 . From critical layer thickness estimates, 16 we believe there is no significant relaxation in our samples.
An x-ray rocking curve near the center of wafer C is shown in Fig. 1 . Analysis of the x-ray peak splitting 17 ͑as-suming negligible relaxation in the Ga 1−x In x N y As 1−y layers͒ was carried out to deduce the nitrogen content. The indium contents for the Ga 1−x In x N y As 1−y layers in the three wafers were given by wafer growth calibration ͑x-ray rocking curve analyses of strained In x Ga 1−x As/ GaAs quantum wells wa- Using a nitrogen content of 3.8%, fitting to the measured x-ray rocking curve of wafer C is in agreement with the experimental data, as shown in Fig. 1 . Similar interpretations of the x-ray rocking curves obtained near the centers of wafers A and B yielded nitrogen contents of 1.4% and 3.0%, respectively. These nitrogen contents are also summarized in Table II .
The linewidth of the x-ray peak of the Ga 1−x In x N y As 1−y layer provides a qualitative indication of crystal quality. The peaks due to the Ga 1−x In x N y As 1−y and the GaAs have linewidths of 41 and 13 arc sec ͑compared to 9 arc sec from simulations for a GaAs substrate͒, respectively, for wafer C, where nitrogen content of 3.8% was achieved. This compares favorably to the ϳ55 arc sec for a much lower nitrogen content of 0.55% reported in Ref. 14. Next, room temperature photoluminescence measurements were performed on the as-grown wafers to estimate the band gap of the Ga 1−x In x N y As 1−y layers in the wafers. The photoluminescence from the wafers due to excitation by 532 nm wavelength light was dispersed by a 0.5 m spectrometer and detected by a liquid nitrogen-cooled germanium detector. The wavelength at which the photoluminescence peaked was used to give the band gap of the Ga 1−x In x N y As 1−y layers. Due to the presence of the AlAs layer and the strong luminescence from the heavily doped GaAs layers on either side of the GaInNAs layer, significant cavity resonance peaks were seen in the photoluminescence spectra making it difficult to obtain any further information other than the peak position.
In both the x-ray rocking curve and photoluminescence measurements, the splitting between the Ga 1−x In x N y As 1−y layer and the GaAs substrate peaks as well as the photoluminescence peak wavelength were found to vary radially across the wafers. These variations translate into variation in nitrogen content and hence band gap of the Ga 1−x In x N y As 1−y layer across a single wafer. The nonuniformity across the wafers ͑with highest nitrogen content at the centers of the wafers͒ is attributed to the positioning of the nitrogen plasma source used in our growth system. Figure 2 shows how the band gap ͑deduced from peak photoluminescence wavelengths͒ and x-ray peak splitting value vary across wafers B and C. It can be observed from Fig. 2 that the peak splitting changes from positive values toward the wafer center, which correspond to the Ga 1−x In x N y As 1−y layer being in tensile strain, to negative values toward wafer edge, which correspond to the Ga 1−x In x N y As 1−y layer being in compressive strain.
Moving from the wafer edge to the wafer center, the change in sign and magnitude of the peak splitting values, as shown on the right-hand axis, corresponds to an increasing nitrogen content and hence decreasing band gap in the Ga 1−x In x N y As 1−y layers, as shown on the left-hand axis. Assuming that the change in lattice mismatch seen in Fig. 2 is due to the variation in nitrogen content alone, it is estimated to vary from 3.8% to 2.6% as we move from the center to edge across wafer C. Nevertheless, the absolute range of peak splitting in the x-ray rocking curves across the wafers is relatively small and hence the Ga 1−x In x N y As 1−y layers used in this work are considered nominally lattice-matched to GaAs.
IV. ELECTRICAL CHARACTERIZATION
The regions of the three wafers, on which x-ray data were described earlier, were then fabricated into devices for subsequent characterization. The estimated nitrogen contents and band gaps for the Ga 1−x In x N y As 1−y layers in the three wafers are as given in Table II. To assess the unintentional doping concentration in the Ga 1−x In x N y As 1−y layers, capacitance-voltage characteristics were measured on these devices using a HP4275 LCR meter. The measured capacitance-voltage characteristics of different-sized devices scaled with device area. In addition, no significant frequency dependence was observed over a measurement frequency range from 10 kHz to 4 MHz, indicating that the measured capacitance was not affected by carrier trapping in the depleted regions. Doping concentrations in the unintentional doped Ga 1−x In x N y As 1−y layers were estimated from the measured capacitance-voltage characteristics, using Poisson's equation and assuming simple onesided depletion.
Due to the undesirable effects of Debye blurring on the doping concentration profile, capacitance-voltage measurements were repeated at 77 K and the estimated doping concentration profiles for the three wafers are shown in Fig. 3 . Devices were slightly forward-biased up to ϳ1 V so that complete doping concentration profiles for the unintentional doped Ga 1−x In x N y As 1−y layers were obtained. It can be seen from Fig. 3 that the unintentional doping concentrations drop rapidly to~10 14 Room temperature dark current-voltage characteristics were measured on different-sized devices from the same three pieces. Both forward and reverse dark currents scaled with the device areas for all wafers, except for reverse current-voltage characteristics of wafer A, because the device dark currents of wafer A were below the lower measurement limit of the setup. The forward current-voltage characteristics showed an ideality factor of approximately 1.5 at low forward voltages for all wafers, indicating that both diffusion and recombination currents are significant.
The reverse current densities versus electric field of the three wafers are compared in Fig. 4 . The electric field was estimated by assuming an ideal p − i − n diode structure, the nominal i −Ga 1−x In x N y As 1−y layer thickness and a built-in voltage of 1 V. The sudden increase in current density for wafer A at 340 kV/cm is due to avalanche breakdown. The lower breakdown field for wafer A than wafers B and C is expected due to its much thicker i region. The lowest reverse current density data reported by Ref. 5, which were measured on a Ga 1−x In x N y As 1−y Sb p − i − n diode wafer with a band gap and an i region thickness very similar to those of wafer C, are also plotted in Fig. 4 for comparison.
It is clear from Fig. 4 that the reverse current characteristics of wafer C is significantly lower than the lowest reported in the literature. 5 Recent data of a Ga 1−x In x N y As 1−y p − i − n diode, 7 again very similar to wafer C in terms of band gap and i region thickness, are significantly higher than the data of this work, as shown in Fig. 4 . The significantly lower reverse leakage currents in our samples are attributed to better lattice matching to GaAs of our quaternary Ga 1−x In x N y As 1−y layers compared to those in Refs. 5 and 7.
It can be observed from Fig. 4 that our reverse currentvoltage characteristics increase rapidly with nitrogen content in the Ga 1−x In x N y As 1−y layer. The shape of the reverse current-voltage characteristic is also unusual. For a p − i − n diode, the two main mechanisms for bulk reverse leakage currents, namely diffusion and generation, generally do not increase significantly with reverse voltage. Note that the reverse electric fields shown in Fig. 4 are too low for band-toband tunneling to be significant. If the observed trend in dark current continued, a further significant increase in nitrogen content could result in unacceptably large reverse currents for photodiodes.
The unusual increase in reverse dark current density with electric field observed in Fig. 4 may be caused by defects in the Ga 1−x In x N y As 1−y layers, which may exist as trapping levels in the forbidden gap. The defect density may increase with the nitrogen content, leading to higher trap-assisted tunneling current density. The difference in Ga 1−x In x N y As 1−y band gaps in wafers B and C may not be large enough to cause difference in slope of reverse dark current increase with electric field.
V. ELECTROLUMINESCENCE AND PHOTOCURRENT
Room temperature electroluminescence from the devices described earlier was also measured to confirm the values of the Ga 1−x In x N y As 1−y band gap deduced from photoluminescence data. The surface normal electroluminescence from forward-biased devices was collected and detected using the same setup used for photoluminescence measurements.
The data for wafers A, B, and C, obtained under an identical forward current density of 64 A / cm 2 , are shown in Fig. 5 . Electroluminescence peak wavelengths are 970 nm ͑1.28 eV͒, 1196 nm ͑1.04 eV͒, and 1276 nm ͑0.97 eV͒, with full width at half maxima ͑FWHM͒ values of 37, 51, and 51 meV, for wafers A, B, and C, respectively. The data of electroluminescence and photoluminescence gave consistent values of peak wavelength for the three wafers, confirming the accuracy of the band gap values used in this work.
We obtained further electroluminescence data from a GaAs p − i − n diode at room temperature using the same experimental setup. FWHM of 44 meV was measured at room temperature, which is in good agreement with the lower limit due to thermal distribution of carrier energy ͑45 meV͒. 18 While wafers B and C have electroluminescence FWHM values close to that of GaAs p − i − n diode, wafer A exhibits a smaller FWHM. This may be due to additional reflections at wavelengths coinciding with one of the optical cavity modes ͑discussed later͒ in wafer A.
However, increasing nitrogen content in the Ga 1−x In x N y As 1−y layer leads to a significant reduction of electroluminescence intensity, as shown in Fig. 5 , indicating degradation of the optical quality of the devices. The optical and electrical ͑as observed in increased reverse dark current͒ degradation with increasing nitrogen content used in the wafers suggests the presence of nitrogen-related growth defects.
The usefulness of a wafer for photodiode applications is usually characterized by its responsivity, given by the ratio of photocurrent to incident optical power, versus wavelength. Hence, photocurrent measurements as function of wavelength were carried out on our devices. Note that the photocurrent and electroluminescence measurements were performed on the same devices for all three wafers to ensure consistency.
Spectrally dispersed light from a tungsten bulb and a monochromator was shone onto the device optical window ͑again using the same three pieces for wafers A, B, and C͒. A phase-sensitive detection technique was used to measure the photocurrent in the presence of dark currents. The incident optical power was measured using an EG&G C30665 In 0.53 Ga 0.47 As photodiode. Responsivity curves as a function of wavelength for wafers A, B, and C at reverse voltages of 0 and 2 V are compared in Fig. 6 , together with that of the C30665 photodiode for reference. Responsivity measurements were also carried out for an in-house GaAs homojunction p − i − n diode with 0.5 m thick i region grown on n + GaAs substrate. The data obtained for reverse voltages of 0 and 2 V are also shown in Fig. 6 .
For our wafers, the values of the absorption band edge given by the responsivity curves agree with data of electroluminescence and photoluminescence. Significantly, the responsivity curves of a given wafer for the two reverse voltages used are very similar. This is expected from the low, unintentional doping concentration in the Ga 1−x In x N y As 1−y layer because it is already fully depleted at zero external voltage.
At a reverse voltage of 2 V, wafers A, B, and C have responsivities of 0.24 ͑1.28 eV͒, 0.13 ͑1.04 eV͒, and 0.11 ͑0.97 eV͒ A/W, respectively. These values compare well with the reported values of 0.097 A/W ͑Ref. 5͒ and 0.016A/W ͑Ref. 7͒ at 0.95 eV. Optical absorption up to a photon wavelength of ϳ1.38 m was detected in wafer C, an as-grown antimony-free Ga 1−x In x N y As 1−y p − i − n diode structure. The responsivity should be improved by employing antireflection coatings and increasing the i region thickness. Assuming the nominal total Ga 1−x In x N y As 1−y layer thicknesses ͑including the p-and n-doped Ga 1−x In x N y As 1−y cladding layers͒, optical power reflection loss of 32% from air to semiconductor and no other internal mechanisms for loss of carrier, absorption coefficients are calculated to be in the region of 4 ϫ 10 3 ͑at 1.28 eV͒, 5ϫ 10 3 ͑at 1.04 eV͒, and 3 ϫ 10 3 ͑at 0.97 eV͒ cm −1 , for wafers A, B, and C, respectively. These roughly obtained values are within an order of magnitude below those of In 0.53 Ga 0.47 As for the same photon energies. 19 Fringes can be observed in the responsivity spectra shown in Fig. 6 and they are attributed to the optical cavity formed between the air and the 100 nm AlAs layer. Assuming that Ga 1−x In x N y As 1−y has the same refractive index as that of GaAs ͑3.6͒, the spacing between the fringes yields cavity length values of 3500, 1425, and 1420 nm, for wafers A, B, and C, respectively. These values are close to the nominal values of semiconductor layer thickness above the AlAs layer in wafers A ͑3400 nm͒, B ͑1300 nm͒, and C ͑1300 nm͒.
VI. CONCLUSIONS
We have demonstrated high quality Ga 1−x In x N y As 1−y p − i − n diodes lattice matched to GaAs with low unintentional doping concentration of~10 14 cm −3 , low reverse currents and an absorption edge down to 0.97 eV in a device with a responsivity of 0.11 A/W. This combination of desirable attributes was achieved without postgrowth annealing or addition of antimony.
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